The main physical barrier of the human skin resides in the uppermost layer of the epidermis.
The stratum corneum (SC) consists of corneocytes embedded in a lipid matrix. Corneocytes are terminally differentiated keratinocytes, containing a thick cornified envelope [9] [10] [11] [12] [13] . Due to the cross-linked proteins, corneocytes are regarded to be impermeable for most substances.
Consequently, diffusion of topical applied molecules mainly occurs through the intercorneocyte lipid matrix [14, 15] . This matrix is connected to the corneocytes by the cornified lipid envelope. In the intercorneocyte space, the lipids are highly structured in the lateral and the lamellar organization [16] . The type of lipid organization influences the rate of 
Materials and Methods

Primary cell isolation and generation of skin models
Isolation of primary cells from the dermis and epidermis and cell culturing was performed as described before [33] [34] [35] . Full thickness models (FTMs) were generated as described before in a Memmert INC153med CO2 incubator (Memmert, Schwabach, Germany) (Supplementary Figure 1) [35] . The supplementation with 20 nM 1α,25(OH)2D3 (Sigma-Aldrich) or ethanol vehicle occurred twice a week for four times in total using serum-free high calcium medium (DMEM 3:1 (v/v) mixed with Ham's F12 (Gibco)), supplemented as described before [36] . Four different batches of FTMs were developed using unique primary cells and 3D models were generated for a total of 14 days at the air-liquid interface.
Keratinocyte monocultures of three biological replicates were developed in 6-wells plates, in which 100.000 cells were plated per well. Cells reached 80% confluence in 3 days in low calcium medium (Dermalife medium (Lifeline Cell Technology) enriched with penicillin (10,000 U) and streptomycin (10 mg/ml). Subsequently, the medium was supplemented with 20 nM 1,25(OH)2D3 or ethanol vehicle for 24 hr. For high calcium medium condition, after reaching 80% confluence the keratinocytes were preincubated 24 hr in serum high calcium medium (DMEM mixed 3:1 (v/v) with Ham's F12 supplemented with 5% fetal bovine serum (Hyclone, Logan, UT, USA)) and additives as described before [36] ) to induce differentiation. Afterwards, supplementation for 24 hr with 1,25(OH)2D3 in high calcium medium occurred. Culture medium of all isolated primary cells was tested for mycoplasma contamination by qPCR and found negative.
Tissue imaging
Parts of NHS or FTM were 4% formaldehyde fixated and embedded in paraffin or snap frozen in liquid nitrogen. Haematoxylin and eosin (HE) staining was performed according to manufacturer's instructions (Klinipath, Duiven, The Netherlands). Protein analyses by immunohistochemistry or immunofluorescence were performed on 5 μm sections of both formalin fixed paraffin embedded (FFPE) or snap frozen material, as described earlier [35] . Specifications of the primary and secondary antibodies are provided in supplementary table 1. Estimations of the thickness of the viable epidermis was performed on four different regions per sample using Adobe Photoshop measuring the circumference of the viable epidermis. The amount of corneocyte layers was determined by safranin red staining and potassium hydroxide expansion of the SC following methods described earlier [37, 38] .
Gene expression
Total RNA was extracted from monocultures or from the viable epidermis of FTMs using the FavorPrep Tissue Total RNA Mini Kit (Favorgen, Ping-Tung, Taiwan) according to manufacturer's instruction. A DNA digestion step was added on-column using RNAse-free DNAse set (Qiagen, Hilden, Germany) for 15 minutes. Nucleic acid concentration was determined using a NanoDrop™ UV-Vis Spectrophotometer (ThermoFisher). Complementary DNA was synthesized using 500 ng total RNA using the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, USA) according to manufacturer's instructions. Quantitative real-time polymerase chain reaction was performed using the SYBR Green Supermix (Bio-Rad) on the CFX384™ real-time PCR detection system (Bio-Rad). Following settings were used: polymerase activation for 5 minutes at 95°C, denaturation for 20 seconds at 95°C, annealing for 20 seconds at 60°C and extension for 20 seconds at 72°C for 40 cycles followed by the generation of a melt curve. Data was normalized against the 2-3 most stable reference genes using the delta delta Ct method. Primers sequences are listed in supplementary table 2.
Stratum corneum isolation and small angle X-ray diffraction analysis
SC was isolated after trypsin digestion, air-dried and stored under Argon gas over silica until further use as described before [35] . Small-angle X-ray diffraction (SAXD) measurements were performed at the European synchrotron radiation facility (Grenoble, France) at station BM26B for a period of 2 x 150 seconds as described elsewhere [18] . The scattering intensity I was measured as a function of the scattering vector q. The latter is defined as = 4• •sin , in which θ is the scattering angle and λ is the wavelength. From the positions of the peaks (qn), the repeat distance can be calculated using the equation = 2 • , where n is the order of diffraction peak [39] .
Fourier transform infrared spectroscopy
The isolated SC was placed between two AgBr cells and put under continuous dry air for 30 min before the start of measurements. All spectra were acquired on a Varian 670-IR spectrometer equipped with a broad-band mercury cadmium telluride detector. The spectrometer was cooled with liquid nitrogen and connected to a controlled heating device. The spectrometer collected the data with a frequency range of 400-4000 cm -1 . The spectral resolution was 1 cm -1 . The measurements were performed with a 240 seconds time resolution. The lateral packing behaviour was examined between 0°C and 40°C
with a heating rate of 0.25°C/min, resulting in a 1°C temperature increase per measurement. The software used to obtain and analyse spectra was Varian Resolutions Pro 5.2.0. Spectra were deconvoluted and finally processed with XRAY Plot program.
Liquid chromatography coupled to mass spectrometry analysis
Extraction of total lipids from isolated SC of FTMs was performed with an adjusted Bligh and Dyer method as described by Boiten et al. [40] . To determine the weight percentage of lipids in the SC, dry SC weight was measured before and after extraction. The lipids were analysed using normal phase liquid chromatography -mass spectrometry (LC-MS) according to the method described by Boiten et al. [40] , with exception of the quantification to molar amounts. A total of 1500 ng lipids were separated on a PVA-Sil column (5μM particles, 100x2.1mm i.d.) (YMC, Kyoto, Japan) using an Acquity UPLC H- 
Statistics
Statistical analyses are conducted using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA). Statistical testing was performed with 1-way or 2-way ANOVA with Tukey's post-test, otherwise specifically stated. Statistical differences are noted as *, ** or ***, corresponding to P<0.05, <0.01, <0.001.
Results
Morphogenesis of HSEs supplemented with 1,25(OH)2D3
To determine the effect of vitamin D signalling pathway activation on epidermal morphogenesis and barrier formation, full thickness models (FTMs) were generated with cell culture medium which was enriched with 1α,25-dihydroxyvitamin D3 (FTM-1,25(OH)2D3) or vehicle (FTM-control). Macroscopic examination revealed similarities in pigmentation, shape, and structure of FTMs in both conditions (Fig. 1 a) . Examination by haematoxylin and eosin (HE) showed the presence of all four epidermal layers in FTMs similar to NHS (Fig. 1 a) ,
indicating that supplementation with 1,25(OH)2D3 leads to a similar epidermal organization.
The effects of 1,25(OH)2D3 supplementation was evaluated for the expression of VDR and of selected VDR target genes (LL-37 and CYP24A). Similar gene expression of VDR was observed after supplementation with 1,25(OH)2D3, whereas expression of both target genes was upregulated (Fig. 1 b) . This demonstrated that the delivery of 1,25(OH)2D3 was successful to the epidermis of the FTMs, despite its poor solubility and presence of albumin in the culture medium. In addition, the vast fold change indicated that the utilized concentration was adequate. To further assess epidermal characteristics, the thickness of the viable epidermis was quantified and compared ( Fig. 1 c) . This revealed that supplementation with 1,25(OH)2D3
did not alter epidermal thickness, whereas the epidermis of NHS was significantly thinner as compared to FTMs. The number of corneocyte layers in the SC was equal in all conditions and comparable to NHS (Fig. 1 d) . The epidermal morphogenesis was further studied using expression of specific morphogenesis biomarkers for epidermal differentiation, cell activation and basal layer proliferation (Fig. 1 e) . For validation, the expression of these biomarkers was also studied in NHS. From apical to basal side, examination of late (loricrin, filaggrin and involucrin) and early epidermal differentiation (keratin (K)10) revealed no effect of activated vitamin D signalling pathway on the execution of the differentiation programs. Comparison with the differentiation programs in NHS revealed a similar early, but distinct late epidermal 
Lipid processing after supplementation with 1,25(OH)2D3
The expression of lipid processing enzymes which play an important role in the barrier formation was evaluated on protein level in FTM-control, FTM-1,25(OH)2D3, and NHS (Fig. 2   a) . Similar expression of ELOVL family members 1,3, 4, and 6 was detected, irrespective of supplementation with 1,25(OH)2D3. Protein expression of stearoyl-CoA desaturase-1 (SCD1) was detected comparably in both FTMs. As compared to NHS, an increased expression of ELOVL1 and SCD1 was detected in FTMs. Additionally, expression of these lipid processing enzymes was also assessed in UV light (UVA and UVB) irradiated FTMs, which compensates for the diminished sunlight exposure in another way than supplementation with 1,25(OH)2D3
does ( Supplementary Fig. 2) . Evaluation of the expression of lipid processing enzymes in these FTMs showed a similar expression profile as non-irradiated FTMs. However, high dose UV (≥90 mJ/cm 2 ) exposure did lead to apoptosis, while in low dose UV (<90 mJ/cm 2 ) irradiation this was undetected. In case of apoptosis, the lipid processing enzyme expression reduced, possibly linked to reduced viability.
To obtain more insights on the equal expression of lipid processing enzymes after 1,25(OH)2D3 supplementation, the contribution of extracellular calcium was determined in primary proliferating and differentiating keratinocyte monocultures. Examination of gene expression of VDR and its downstream targets revealed a similar expression of VDR and upregulated expression of CYP24B and LL-37, indicative for an effective delivery of 1,25(OH)2D3 (Fig. 2   b) . Expression of ELOVL family members 1, 4 and 6 was unchanged after 1,25(OH)2D3 supplementation (Fig. 2 c) . Solely an increased expression of ELOVL4 was detected due to the elevated external calcium levels. Furthermore, the protein barrier formation was promoted due to the calcium concentration indicated by elevated involucrin expression, but was similar regardless of supplementation with 1,25(OH)2D3 (Fig. 2 d) . These complementary findings indicate that the lipid processing is similar, irrespective of 1,25(OH)2D3 supplementation or UV light exposure. 
Ceramide composition of the intercorneocyte lipid matrix
To obtain more insights on the epidermal barrier formation, the ceramide composition in the SC was studied. The total lipid content within the SC was similar in all conditions tested Fig. 3 a) . Although three main classes of lipids are present in the SC, the ceramides are very characteristic in the SC composition and are crucial for the lipid organization. Therefore, we focused on the twelve most abundant ceramide subclasses in the SC lipid matrix (Fig. 3 a) . After separation by polarity and detection per mass using the inhouse developed liquid chromatography coupled to mass spectrometry (LC-MS) approach [40] , the ceramide subclasses were analysed ( Supplementary Fig. 3 b) . Comparisons were made for the profiles of the total ceramide subclasses (CERstotal) of FTM-control and FTM-1,25(OH)2D3, which showed a high similarity for ceramides of subclasses N and A (CERs) and for ceramides of subclasses EO (CER EO) in both conditions (Fig. 3 b, c) . The ceramide composition was examined in more detail by analysing the carbon chain length distribution. A wide distribution in the carbon chain length of the CERs was observed, from CERs with 32 carbon atoms to CERs with 54 carbon atoms (Fig. 3 d) . The broad distribution in carbon chain length was also detected for the CERs EO, ranging between 64 and 74 total carbon atoms (Fig. 3 e) . The carbon chain length distribution for all CERs and CERs EO was similar in both conditions tested. Next, the level of unsaturation in four CER subclasses was studied, serving Fig. 3 c) . In addition, the levels of glucosylceramides (Glc-CERs) were investigated, as these are important CERstotal precursors. These showed a variability in their presence based on the two-dimensional ion plot ( Supplementary Fig. 3 d) . Calculation of the glucosylceramide index revealed that 1,25(OH)2D3 supplementation did lead to reduction in the amount of Glc-CERs, showing a difference in the lipid precursors of the SC lipid matrix barrier formation after 1,25(OH)2D3 supplementation ( Supplementary Fig. 3 e) . 
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Intercorneocyte lipid organization
Analysis of the barrier formation in FTM-control and FTM-1,25(OH)2D3 continued with assessment of the lipid organization in the SC (Fig. 4 a, b) . The lipid lamellae in the SC can be organized in either the short periodicity phase (SPP) or the long periodicity phase (LPP) (Fig. 4 c) . In the direction perpendicular to the lamellar stacking within the lipid matrix, the lipids are arranged in a lateral organization (Fig. 4 d) . In the orthorhombic lateral packing, the hydrocarbon chains of the lipids form the most dense packing. The hexagonal lateral packing is characterized by a less dense packing, enabling lipid rotation along their axis. SAXD was utilized to determine the repeat distance of the lamellar phases (Fig. 4 e) . In the diffraction pattern of FTM-control and FTM-1,25(OH)2D3 a series of peaks were observed demonstrating the presence of the LPP with similar repeat distances, although this distance is shorter than that observed in NHS [39] (Fig. 4 g ). An additional phase was observed in the representative profiles, although inconsistently throughout the batches for both the FTM-control and FTM-1,25(OH)2D3, indicating no induction or aggravation of aberrant phase formation by 1,25(OH)2D3. As compared to NHS, no diffraction peaks attributed to the SPP were observed.
The lateral organization was examined using Fourier transform infrared spectroscopy (FTIR).
Methylene rocking vibrations are detected which consists of two peaks at 720 cm -1 and 730 cm -1 when lipids adopt an orthorhombic packing, whereas only a single peak at 720 cm -1 is detected when lipids adopt a hexagonal packing (Fig. 3 f) . The predominant hexagonal lateral packing was observed in all FTMs, irrespective supplementation with 1,25(OH)2D3 (Fig. 3 h) .
In NHS, the lipids were arranged predominantly in the orthorhombic lateral organization, which remained present even at 40°C. . Based on these interactions and similar effects, the calcium pathway is suggested as the major factor minimizing the effectiveness of 1,25(OH)2D3 supplementation in 3D models.
Alternatively, activation of distinct signalling transduction pathways by 1,25(OH)2D3 involving other nuclear receptors expressed by keratinocytes and fibroblasts could occur [53, 54] .
Additionally, the activation of vitamin D by alternative pathways forming structurally different but potent metabolites have been suggested [55] [56] [57] . Phenotypic characteristics of proliferation and differentiation are often difficult to link to a single signalling pathway or metabolite due to the myriad overlapping and intercommunication pathways. Further preclinical studies using a phenotypic relevant model need to be performed to disentangle this.
The barrier formation was studied before by Oda et al. regarding the immune barrier function of the skin. In this study, the increased expression of LL-37 as part of the antimicrobial defence mechanism was observed. Akiyama et al. [60] described that this peptide upregulates tight junction-related proteins and thereby reinforces the epidermal barrier function on protein barrier level. Various studies reported the beneficial effect of 1,25(OH)2D3 supplementation of skin-resident immune cells, including dermal dendritic cells and Langerhans cells [59] . However, as the current FTMs are immune incompetent and do not contain vascular and nerve structures, the behaviour of these cell types and the link to systemic effects could not be studied. Notably, 1,25(OH)2D3 addition to in immune competent HSEs should therefore not be overlooked [61, 62] . This could lead to higher preclinical relevance, as vitamin D and its analogues are used in the treatment of skin diseases [8] . However, we determined the effects of 1,25(OH)2D3 in co-culture of solely keratinocytes and fibroblasts, yielding novel insights in the barrier formation based on these cell types, thereby excluding effects based on immune cell (de-)activation.
In conclusion, the effect of vitamin D signalling pathway activation on the epidermal morphogenesis and barrier formation was characterized in detail based on the expression of morphogenesis biomarkers and lipid processing enzymes and extensive profiling of the lipid composition and organization. This revealed no major differences after addition of 1,25(OH)2D3 to the cell culture medium of FTMs, mainly ascribed to high calcium levels in the Voskamp is thanked for his contribution with UV irradiation of HSEs. We thank the company Evonik (Essen, Germany) for their generous provision of CERs.
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